Graphene is one of the most fascinating materials today due to its extraordinary electronic, mechanical, and thermal properties as well as its extremely high specific surface area.
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These unique properties offer great potential as twodimensional supports to host nanomaterials. MnO x nanocomposites have attracted increasing attention in photocatalysis, energy storage, and Li ion batteries because of their low cost, environmental abundance, and high theoretical specific capacitances. 4, 5 Recently, several research groups have reported that graphene-supported MnO x nanocomposites can play a critical role in energy storage [5] [6] [7] and can be prepared by using an aqueous chemical method, 8 chemical reduction, [9] [10] [11] and colloidal mixing. 12 However, these methods are somewhat complicated and require different synthetic protocols to prepare specific MnO x nanoparticles (NPs) on graphene, which makes it difficult to produce those nanocomposites. In this study, we have developed a straightforward synthetic route to synthesize specific MnO x /G nanocomposites by controlling gas environment. The method involves preparation of graphite oxide (GO) from graphite, impregnation of Mn 2+ precursor on GO (Mn
2+
/GO), and thermal treatment in H 2 , Ar, and air environment to produce MnO/G, Mn 3 O 4 /G, and MnO 2 /G, respectively.
GO was prepared by exfoliation and oxidation of graphite powder according to the modified Hummers and Offeman's method. 4 For the synthesis of MnO/G and Mn 3 O 4 /G, GO (0.2 g) was mixed with Mn(CH 3 COO) 2 ·4H 2 O (0.89 g) in 200 mL of distilled water. Hydrazine monohydrate (5 mL, 80%) was added to the mixture and stirred for 24 h to promote the intercalation of Mn 2+ on the GO. The suspension was filtered and washed with distilled water several times. The filtrate was dried at 60 o C for 24 h to remove water. Thermal heating was carried out using a home-built gas flow reactor described elsewhere. 4 H 2 gas (100 sccm) and Ar gas (100 sccm) were introduced to the reactor for 5 h at 500 o C to obtain MnO/G and Mn 3 O 4 /G, respectively. For the synthesis of MnO 2 /G, MnCl 2 ·4H 2 O (0.81 g) was dispersed with GO in isopropyl alcohol (150 mL) under continuous ultrasonication and the mixture was heated to 83 o C. KMnO 4 (0.45 g) was added and stirred for 30 min. The obtained mixture was filtered, and washed with ethanol and distilled water several times. The thermal heating of the filtrate in air at 300 o C for 1 h generated the MnO 2 /G. TEM measurements were performed using a Tecnai G2 F20 (FEI Co.). Powder XRD analyses were performed on a multi-purpose high performance X-ray diffractometer (PANalytical). XPS spectra were acquired using Mg K α (hν = 1253.6 eV) radiation (KRATOS, AXIS Nova). o with a d-spacing of 3.7 Å. This represents that oxygen and water were removed from the GO during the thermal treatments, and most of the GO was reduced into graphene.
In order to understand the effect of gas on the synthesis of MnO x /G, the oxidative structures were examined by XPS measurements. Figure 1 All of the samples show a consistent spin-energy separation value of 11.6 eV between Mn 2p 3/2 and Mn 2p 1/2 peaks. The fact that the oxidative state of Mn in MnO x /G changes with the gas environment could explain the mechanism for the selective synthesis of a specific MnO x /G. Thus, these XPS analyses clearly proved that the gas environment plays a key role in determining MnO x structures.
The morphology and microstructures of the MnO x /G were investigated by TEM. Figure 2 It can be clearly seen that the MnO 2 nanoneedles decorate the terrace and edge of the graphene. These TEM results prove that a specific MnO x could be selectively prepared on graphene by controlling gas environment.
In summary, a facile synthesis of MnO/G, Mn 3 O 4 /G, and MnO 2 /G was developed using simple thermal reductions of Mn 2+ /GO in H 2 , Ar, and air, respectively. The analyses of XRD, XPS and TEM data clearly demonstrate the formation of crystalline MnO, Mn 3 O 4 , and MnO 2 NPs on graphene. Since the MnO x /G nanocomposites hold great potential for applications in catalysis, biosensors, and energy storage, this facile synthetic route of a specific MnO x on graphene offers a useful approach in various contexts from the laboratory to industrial production.
